The ability of dihydrothymidine (DHdTTP) and thymldlne glycol (dTTP-GLY) 5'-triphosphates to serve as substrates for different DNA polymerases was Investigated. DHdTTP but not dTTP-GLY was used as a substrate by E. coli DNA polymerase I (Pol I). Within the detection limit of the assay used, neither T4 DNA polymerase nor avian myeloblastosis virus (AMV) reverse transcriptase used DHdTTP or dTTP-GLY as substrates. The ability of DHdTTP and dTTP-GLY to undergo enzyme-catalyzed turnover to the monophosphate paralleled their ability to serve as substrates for polymerization. These results, along with kinetic parameters for the Incorporation of DHdTTP with Pol I, strongly suggest that the saturation of thymine C5-C6 bond and the substituent groups at C5 and C6 differentially exert effects on binding to DNA polymerases. DNA sequencing gel analysis of the polymerization products revealed that most single adenine sites were capable of templating DHdTTP, however, DNA synthesis was partially arrested at multiple adenine sites, suggesting that sequential incorporation of DHdTTP produced significant disorder 1n the primer terminus.
INTRODUCTION
Genotoxic agents that produce free radicals generate a spectrum of DNA damages. These agents Include Ionizing radiation (1,2), 1 MHz ultrasound used 1n medical diagnostics (3), hydroperoxides (4,5), and certain antibiotics (6,7). One of the difficulties 1n assessing the biological consequences of a particular damage produced by free radicals 1s that very few methods are available to Introduce a unique damage Into DNA. In a previous paper we described an attempt to engineer stable altered DNA bases such as 5,6-dihydrothymine and thymine glycol (5,6-dihydroxy-5,6-d1hydrothymine) Into DNA (8). Our approach was to chemically synthesize the nucleoside tHphosphates and to use them as substrates for Escherichia coli DNA polyraerase I Klenow fragment. A similar approach has been successfully applied by Singer et al. Structures of DHdTTP and dTTP-GLY.
ring are considered to be notable characteristics of the lesions Induced by free radicals such as -OH and H- (1, 12, 13) . Further, 1t has been found that thyaine glycol 1n the DNA template retains coding ability (14) (15) (16) (17) . Osmium tetroxide and potassium permanganate have been widely used to produce thymine glycol in DNA, however, these reagents also produce additional minor base damages (18, 19) as well as strand breaks (Ide et al. unpublished results) . In a previous study we found that, although the loss of planarity 1n the thymine ring 1s a common feature for both DHdTTP and dTTP-GLY, surprisingly, only DHdTTP was Incorporated Into DNA by Pol I Klenow fragment. We report here evidence which strongly suggests that DHdTTP and dTTP-GLY are differentially recognized by DNA polymerases from different origins, and that although dihydrothymine has a nonplanar ring structure, it does not produce significant disorder in the newly synthesized strand unless 1t 1s multiply incorporated. These data are interesting not only from the viewpoint of studying the biological consequences of altered DNA bases but also for elucidating the mechanism of fidelity of DNA polymerases as 1t relates to their Initial Interaction with nucleoside triphosphates.
MATERIALS AND METHODS

Chart cais
HPLC-pur1f1ed deoxyribonucleoside triphosphates (dNTP) were obtained from P-L Biochemicals. dTHP and acid molybdate spray reagent were from Sigma. Nucleoside 5'-monophosphates of dihydrothymidine (DHdTMP) and thymidine glycol (dTMP-GLY) were synthesized following the methods of Cohn and Doherty (20) Fig. 2A) . Essentially the same results were obtained with Pol I (Fig. 2A) . Using a similar assay, we also found that Pol I used DHdTTP but not dTTP-GLY as a substrate in the nick translation of A. (27) , used neither DHdTTP nor dTTP-GLY as substrates. Elongation of the primer was observed only with dTTP (F1g. 2B). Since the original purpose of this experiment was to engineer modified nucleotides Into DNA, and since neither Pol I nor T4 DNA polymerase used dTTP-GLY as a substrate, we tested the ability of AHV reverse transcriptase to catalyze Incorporation of the modified nucleotides into DNA. AMV reverse transcriptase has been shown to have reduced fidelity compared to the prokaryotic polyroerases presumably due to its lack of 3'-5' exonuclease (proofreading) activity (28). In contrast to our expectations, AMV reverse transcriptase did not use dTTP-GLY as a substrate. Even more surprisingly, DHdTTP, which was a substrate for Pol I, was not a substrate for AMV reverse transcriptase (F1g. 2B). Since with T4 DNA polymerase or AMV reverse transcriptase, the net dNTP Incorporation 1n control experiments using dTTP was considerably lower than with Pol I (about 10-fold), we would not have detected DHdTTP or dTTP-GLY Incorporation 1f they had been utilized with an efficiency less than 1/100 of dTTP. However, it should be also pointed out that the conclusions with T4 DNA polymerase were further supported by turnover experiments described below.
Turnover of DHdTTP and dTTP-6LY
In the polymerization reaction, dTTP, DHdTTP and dTTP-GLY were differentially discriminated by different DNA polymerases. Two distinct mechanisms that operate at the Insertion or proofreading step could account for this observation.
First, the substrates could be kinetically discriminated based on their K^ and V raax values at the Insertion step. Secondly, the 3'-5' exonuclease activities of Pol I and T4 DNA polymerase could have different specificities for Inserted DHdTMP and dTMP-GLY. Since AMV reverse transcMptase has no associated 3'-5' exonuclease function (28) and cannot remove inserted nucleotides, 1t must not be able to bind to the modified nucleotide tHphosphates. In order to address the question as to Fig. 4B) . The fact that the ability of the modified nucleotides to undergo enzyme-catalyzed The ability of the modified nucleotides to replace any of the 4 normal dNTPs was tested using the technique of Revich et al. (25) . This method 1s highly sensitive and the extent of primer elongation due to Incorporation of a modified nucleotide can be resolved at the sequence level. Pol I Klenow fragment was used throughout this assay. In the minus A, G, and C reactions, where the mentioned nucleotide was missing from the reaction mix, no difference In the primer elongation was observed with or without DHdTTP (data not shown). However, the primer was significantly elongated over background synthesis (29,30,31) . The patterns of the background primer elongation in the minus A, G, and C reactions were changed by substitution of Mn 2+ for Mg 2+ , however, the addition of DHdTTP or dTTP-GLY to the reaction mix did not further affect the patterns (data not shown). In the presence of Mn 2+ , the elongation of the primer over background occurred only 1n the minus T reaction with DHdTTP (Fig. 6, lane 7) .
Sequence specificity of DHdTTP incorporation
The analysis of the reaction products by high resolution sequencing gels revealed not only base pairing specificity (mentioned above) but also sequence 
